INTRODUCTION
The importance of investigating thermal expansivities of unidirectional (UD) composites is constantly growing along with the use of composite laminated structures in modern structures. Although the elastic properties of these materials have been extensively investigated, thermal expansion behaviour calls for further consideration. Predictive models have been developed /1-5/, but only few of them take into account the presence of an interphase, developing during manufacture, playing an important role in the macroscopic thermo-mechanical behaviour of the composite /6/. This interphase extends from the surface in the fiber, and its properties vary from the fiber bulk properties up to a point where the properties become identical to those of the bulk matrix material. The interphase is usually modelled by a restricted zone between fiber and matrix and accounts for impurities, air bubbles and microcracks as well as of the potentially existing chemical interaction and the different thermal expansion coefficients of the constituents. Sizing of the fiber, e.g. a treatment by which the carbon fiber is covered by a thin film causing the surface free energy of the fiber to increase, enhancing thus fiber-to-matrix adhesion /7/.
In view of the above, the importance of the interphase for any realistic micromechanical model predicting thermal expansion coefficients of UDcomposites is obvious.
In such a model the interphase is considered as homogeneous and isotropic material both mechanically and thermallyan assumption adopted by several authors including the present ones /8/.
However, in the present work an improved fourphase model is introduced, by which mechanical and thermal properties of the interphase vary continuously in the radial direction. The fourth phase consists of the actual composite, surrounding the matrix material. The fiber as well as the surrounding composite are assumed transversely isotropic, while the matrix material both homogeneous and isotropic. The model is based on the solution of the respective thermal stress problem in the presence of an interphase with varying properties. The fourth phase in the model should account for the interacting stress fields developing between neighbouring fibers, e.g. for high fiber volume fraction. Both longitudinal and transverse thermal expansion coefficients can thus be evaluated.
Results based on a parabolic law of the variation for the properties of the interphase were compared to those for constant interphase properties as well as to experimental data available in the literature /9-11/.
A parametric study of the thermal expansion coefficients for different values of the thickness of the interphase was performed, along with a sensitivity analysis.
FOUR-PHASE MODEL WITH VARIATIONAL INTERPHASE PROPERTIES
The four-phase model as the representative volume element (RVE) of the fiber composite is shown in Fig. 1 . The phases are depicted as concentric cylinders with different material properties, e.g. fiber surrounded successively by the interphase, the matrix and the composite having properties to those The four-phase model.
of the macroscopic composite material. Denoting the Γ ρ r., r m the outer radius of the fiber and the radii of the interphase and the matrix circular cross sections respectively, the volume fractions of the respective phases are given by 
where ν denotes volume fraction and the subscripts f, i and m correspond to fiber, interphase and matrix respectively. In the ensuing analysis, all materials but the interphase are assumed homogeneous, while the interphase is a thin layer exhibiting perfect adhesion both with the fiber and the matrix, while, as stated, its properties vary in the radial direction according to a parabolic law. A constant thermal load is applied on the model. The present model, when compared to the commonly used /12,13/ three-phase models, exhibits the following advantages: a) The presence of the fourth phase may, as already stated, account for the interaction between neighbouring inclusions, e.g. the model may provide good results even at high fiber volume fractions. b) The dependence of the expansion behaviour of the composite on the stress field developing in the longitudinal direction affects the transverse thermal expansion coefficients and this effect, called Poisson's effect, was taken into account by the proposed model. c) The model can account for a gradual transition of the properties of the fiber to those of the surrounding matrix -an assumption closer to reality than the abrupt transition of properties at this critical interface.
To perform an analytical evaluation of transverse and longitudinal thermal expansion coefficients of the composite as functions of the thermal and mechanical properties of the constituents (fiber, matrix) and of the mechanical properties of the equivalent composite, stress-strain relations according to /12/ are used.
For transversely isotropic material the latter have the form: and the general solution has the form:
With a non-homogeneous interphase, Eq. (8) 
while Eq. (9) remains unaltered. The functions /*.(r) and \j(r) describe the variation of the Lame constants of the interphase with the radius r. In order to solve the above ordinary differential equation, the exact form of the functions /xj(r) and Xj(r) must be known.
For the purposes of the present work, the properties of the interphase were assumed to vary according to a parabolic law of the following form:
where X. is any interphase property and the constants Aj, A^ and A_j are determined by means of the following continuity conditions: 
and C 2 , C 3 are expressed in terms of Cj and C 2 through the following relations /14/:
where
If the displacement components for each one of the four phases are known, only four unknown coefficients for each phase must now be determined through the appropriate boundary conditions, which are: 
and
The latter condition (30) imposes on the coefficients of Eq. (11) that:
while without loss of generality:
since the coefficients F Q correspond to rigid body motion. The remaining unknown coefficient are A p
Furthermore, due to the finite values of the displacement field, | u^(0) | < + «>, B f must beset equal to zero.
Substituting the expressions for the displacement fields (10), (11) and (19) into the stress Eqs. (4) and (6) and by using the boundary conditions (22) and (29), it is easy to determine the eight unknown constants of the problem, but only if the longitudinal and the transverse thermal expansion coefficients of the composite are known, since the stresses of the composite phase are expressed through the mechanical and the thermal properties of the composite.
At this point two different procedures can be followed: a) If the thermal expansion coefficients of the composite are known, the stress field within the composite phases results. b) If the thermal expansion coefficients of the composite need to be determined, a homogenization technique must be applied.
The latter procedure is applied in this work described as follows: A compact cylinder of radius r, equal to the outer radius of the four-phase model, is assumed to simulate the macroscopically homogeneous composite with properties identical to those of the given composite. The same assumptions are adopted as with the four-phase model, and as expected, Eqs. (8) and (9) and their general solution (10) and (11) remain valid and characterize this problem.
The four unknown constants for the equivalent composites are reduced to two by means of the assumptions of finite values for the displacement field (B =0) and of the absence of rigid body motion o^the system (F e^= 0).
Then the solution of the displacement field for the equivalent composite cylinder is given by the equations:
and the respective stress field is described by Eqs. (4) and (7), where the coefficients C., ß v ß 3 refer to the equivalent composite. 
CglCg+Cg) -2(Cg)*
Since the equivalent composite cylinder is expected to exhibit the same macroscopic behaviour as the four-phase model, the following equations can be written: 
The solution of the above equations leads to the relations: 
MODEL VERIFICATION
Predictions for longitudinal and transverse thermal expansion coefficients of a UD-fiber composites were correlated with experimental results. The thermo-mechanical properties of the constituent materials are listed in Table 1 .
In the sequence, predictions based on said model were compared to those of the respective four-phase model with constant interphase properties and finally a parametric study was conducted to explore the influence of the interphase thickness on the thermal expansion coefficients. Fig. 2 shows the variation of transverse thermal expansion coefficient as a function of the fiber volume fraction v f The solid line represents the prediction of the proposed model, while the dashed line refers to the four-phase model with constant interphase properties.
As expected, for fiber volume fraction greater than 0.05, the transverse thermal expansion coefficient decreased with increasing v f For v f in between 0.00 to 0.05 the transverse thermal expansion coefficient increased with increasing obviously due to Poisson's restraining effect. Accordingly, it is clear that at low volume fractions Poisson's ratio has a stronger effect than the presence of the reinforcing fibers with thermal expansion coefficients lower than that of the matrix material and this accounts for the macroscopic expansion of the UD-fiber composite in the transverse direction.
The values predicted by the four-phase model with constant interphase properties are much higher than the proposed one. The experimental data presented by circles closely agreed with the latter. Fig. 3 shows the variation of the longitudinal thermal expansion coefficient as function of the fiber volume fraction v^ Again, the solid line represents the prediction of the proposed model, while the dashed line refers to the model with constant interphase properties. With increasing fiber volume fraction, the longitudinal thermal expansion coefficient decreased· drastically in the beginning and more smoothly for v f greater than 0.2. In this case the predictions of the four-phase model with constant interphase properties was closer to that of the proposed model but slightly lower, while the experimental data fall between the two curves, being in fact in very good agreement with the both of them.
Finally, a parametric study was conducted to investigate the sensitivity of the thermal expansion coefficients of the composite against the interphase volume fraction v.. The corresponding results are presented in Figs. 4 and 5 , for the longitudinal and the transverse thermal expansion coefficients respectively. As observed, the interphase volume fraction v. has practically no effect on the longitudinal thermal expansion coefficient of the composite, while the respective effect on the transverse one of the composite is rather important especially at high fiber volume fractions.
SENSITIVITY ANALYSIS
As stated, the analytical predictions of section 2 were based on properties of constituent materials taken from the literature or from the manufacturers' product data sheets. The parametric study was aiming to determine the sensitivity of a L and a T against , said properties. In fact, the values of the independent thermo-mechanical fiber and matrix properties were considered to vary within ±20% of an average value, while maintaining the values of the other properties constant. The resulting changes in a J and a T are given in Figs. 6-9. As expected, the longitudinal thermal expansion coefficient a. c is the f transverse Poisson's ratio of the fiber ν , a quantity not easy to measure. On the other hand, as it is obvious from Fig. 9 , the longitudinal thermal expansion coefficient of the composite is influenced by the matrix moduli Ε and a , but for low fiber J mm volume fraction only.
For high volume fractions the prediction of a L° was practically insensitive into the matrix as well as the transverse fiber properties.
In general, a L c seems to be highly sensitive towards the various parameters, but the absolute differences were remarkably small, as presented in Fig. 8 . Furthermore, a T c was more sensitive towards the properties of the matrix, which are easy to measure in bulk form. The influence of the transverse fiber properties on a T° was less important than that of the matrix material. The relative results are presented in Figs. 6 and 7.
REVIEW OF WORK AND CONCLUSIONS
The effective linear transverse and longitudinal thermal expansion coefficients of a unidirectional fiber composite with an interphase were determined analytically. A four-phase micromechanical model consisting of a transversely isotropic cylindrical elastic inclusion, surrounded by an isotropic linearly elastic cylindrical shell with radia'iy varying elastic and thermal properties, surrounded by a second cylindrical shell of matrix material and embedded in a transversely isotropic equivalent composite material was used.
The analytical procedure adopted consisted in solving the respective boundary value problem also in the case of varying properties.
A sensitivity analysis was conducted to determine the relative influence of constituent properties on the predicted values of a L° and a T c . Based on the present results, the following conclusions were drawn:
1. The proposed four-phase model, e.g., with varying interphase properties, was in good agreement with the experiment, as opposed to that with constant interphase properties which exhibited significant deviations, especially for the transverse thermal expansion coefficient.
2. The proposed model yielded both longitudinal and transverse thermal expansion coefficients 
